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Sin Nombre (SN) virus is the major etiologic agent of hantavirus pulmonary syndrome, a severe respiratory disease with
high mortality. Like other hantaviruses, SN virus causes an inapparent chronic infection of the natural rodent reservoir and
tends to grow slowly and produce little cytopathic effect even in highly susceptible Vero E6 tissue culture cells. An
electrochemiluminescent quantitative PCR approach was developed to allow examination of SN virus RNA transcription in
synchronously infected cells. Although virion particles contain equimolar ratios of the three negative-strand genome RNA
segments (S, M, and L), rates and levels of accumulation of the corresponding N, GPC, and L viral mRNAs varied. The
smallest mRNA (N) was detectable earliest and plateaued at the highest level, where as the largest mRNA (L) appeared
latest and at the lowest plateau level. In addition, all three mRNAs were found to share a common 5* capped primer initiation
mechanism, but appeared to have different mRNA termination mechanisms. The N mRNA 3* terminus mapped to position
1435 on the S segment, in close proximity to a CCC-rich suspected transcription termination motif. The GPC mRNA 3*
terminus contained a poly(A) tail and mapped to a U8 transcription termination–polyadenylation motif reminiscent of those
seen in other negative-strand RNA viruses. Finally, the L mRNA 3* terminus appeared identical to the L segment antigenome
3* terminus. q 1996 Academic Press, Inc.
Hantaviruses are enveloped RNA viruses that are viruses, are associated with hemorrhagic fever with renal
syndrome of varying severity, ranging from HTN virusmembers of the genus Hantavirus in the family Bunyaviri-
dae. Similar to other members of this family, the genome infection with 5 to 15% mortality to PUU virus infection
with less than 1% mortality. These forms of the diseaseof hantaviruses consists of three negative-strand RNA
segments, large (L), medium (M), and small (S), which are are currently recognized throughout Asia, the former So-
viet Union, and northern Europe (McKee et al., 1991).6562, 3696, and 2059 nucleotides in length, respectively
(Chizhikov et al., 1995; Spiropoulou et al., 1994). Each of Until recently, Prospect Hill (PH) virus, which is not
associated with human illness, was the only known han-the RNA segments is complexed with the nucleoprotein
(N) to form individual nucleocapsids (Schmaljohn, tavirus associated with rodents indigenous to the United
States. Sin Nombre (SN) virus was recently recognized1996a). Three major structural proteins are found in the
virions: the N protein and two envelope glycoproteins as a major etiologic agent of hantavirus pulmonary syn-
drome (HPS) occurring in the United States. The symp-(G1 and G2). The N protein is encoded on the S RNA
segment. The two glycoproteins are encoded on the M toms of HPS include an abrupt onset of fever, headache,
myalgias, and cough, followed by a rapid developmentRNA segment and the viral RNA polymerase on the L
RNA segment (Schmaljohn, 1996a; Chizhikov et al., 1995). of respiratory failure. SN virus infection is associated
with the most severe form of HPS with a mortality rate ofBy analogy with other members of the Bunyaviridae, initi-
ation of mRNA synthesis is thought to involve a cap- approximately 60%. Black Creek Canal (BCC) and Bayou
(BAY) viruses, two additional novel hantaviruses mostsnatching priming mechanism (Bishop, 1996; Garcin et
al., 1995). Recently, a prime-and-realign model has been closely related to SN virus, have been identified as etio-
logic agents of HPS in Florida and Louisiana, respectivelyproposed for the initiation of Hantaan (HTN) virus tran-
scription and replication (Garcin et al., 1995). Termination (Nichol et al., 1996). An SN-like virus, called New York
(NY) virus, has recently been associated with HPS in theof transcription is poorly understood; mRNAs are not
thought to be polyadenylated, but termination signals northeastern United States (Hjelle et al., 1995b).
Each specific hantavirus is associated with a differenthave not yet been defined.
Several members of the Hantavirus genus, including rodent species in nature. In the western and central
United States, SN virus is mainly associated with theHTN, Seoul (SEO), Dobrava (DOB), and Puumala (PUU)
deer mouse, Peromyscus maniculatus. One of the hall-
marks of hantavirus association with its primary rodent1 To whom reprint requests should be addressed. Fax: (404) 639-
1118; E-mail: stn1@ciddvd1.em.cdc.gov. reservoir is the establishment of a lifelong, chronic
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asymptomatic infection in the host animal. This infection 30 sec, anneal at 507 for 30 sec, and extend at 727 for
60 sec.is in sharp contrast to the rapidly progressing acute ill-
ness seen in humans (Nichol et al., 1996). Knowledge of
Plasmids and in vitro transcriptionthe molecular replication of the virus in these contrasting
infections is currently lacking due to the difficulty of de-
In order to obtain a standard RNA transcript to use in
tecting and quantifying hantavirus RNA species in speci-
the quantification of viral polymerase mRNA, the 3* end
mens. Here we describe the establishment of an electro-
of the genomic L segment (SN NMR11 isolate) was am-
chemiluminescent quantitative PCR (QPCR) approach to
plified using nested primers (L42, CACAAAGGAAAATAT-
examine precisely the replication of SN virus. We begin
TGGGTTAC; 3LR2, ATAGAATGAAGACACAGGGT, first
with analysis of virus transcription in synchronously in-
round; and L53, GATTGTGCAAGGTTGGAAATC; L45,
fected Vero E6 cells as a prelude to future studies of SN
(TC)(AG)ACA(GC)ACTC(AT)CCCCATCC, second round).
virus replication in naturally infected human and rodent
The resulting PCR product of 1300 bp was directly cloned
samples and experimentally infected rodent model sys-
into the TA cloning vector, pCRII (Invitrogen Corporation,
tems. In addition, we have analyzed the 5* and 3* termini
San Diego, CA). Plasmids containing the G1 (pGemG1)
of SN virus mRNAs to gain insight into the mechanisms
or G2 (pTASNVG2) entire coding regions cloned down-
of virus transcription initiation and termination.
stream of a T7 promoter were kindly provided by Chris-
tina Spiropoulou and Anthony Sanchez, respectively.
MATERIALS AND METHODS Generation of these and the previously described pTM1-
Nhpsv plasmid (Feldmann et al., 1993), which containedVirus
the N ORF, was initiated using autopsy lung tissue RNA
Sin Nombre virus (NMR11) isolated from the deer (NMH10) from a patient with HPS (Feldmann et al., 1993,
mouse P. maniculatus (Elliott et al., 1994), Vero E6 pas- Nichol et al., 1993). Sequence comparison of the virus
sage 11, was used in all experiments. Since the SN virus isolate (NMR11) and the autopsy RNA (NMH10) revealed
used in these studies does not reliably produce plaques no differences in the amino acid sequences for the N,
in cell culture, it was titered by infecting Vero E6 cells G1, or G2 proteins (Chizhikov et al., 1995). These plas-
with log dilutions of virus and using an indirect fluores- mids were used to generate RNAs for the quantitation
cent antibody procedure to detect infected cells. of the G1, G2, and N mRNAs. Plasmids were purified
from 500-ml cultures using the Wizard Maxiprep DNA
Viral infection and RNA purification purification system (Promega Corporation, Madison, WI).
Plasmid DNA (5 mg) was linearized by digestion with KpnIVero E6 cell monolayers were infected at a multiplicity
(pTM1-Nhpsv, pTASNV3L), HindIII (pGemG1), or BamHIof infection of 6 infectious units per cell. Virus was al-
(pTASNVG2). After digestion, the DNAs were extractedlowed to adsorb to the cells for 1 hr at room temperature,
once with phenol and once with phenol:chloroformthe inoculum was removed, and the cells were washed
(50:50), and then ethanol precipitated. Linearized DNAtwice with phosphate-buffered saline (PBS), pH 7.2. Cells
was resuspended in 10.0 ml of RNase-free H2O. RNAwere incubated at 377, 5% CO2 in minimal essential me-
transcripts were synthesized in vitro using a MEGAscriptdium containing Earle’s salts, L-glutamine, and 2% fetal
T7 in vitro transcription kit (Ambion, Inc., Austin, TX). Tran-bovine serum. At the appropriate times after the adsorp-
scription mixes were treated with DNase I to removetion period, the medium was removed and the cells were
the plasmid DNA. The RNA transcripts were purified bywashed three times with PBS, pH 7.2. The cells were
slicing the bands from a 1.0% low-melting-point agaroselysed in NP-40 lysis buffer (NP-40, 0.5%/0.15 M NaCl/100
gel, heating the slice to 657 for 5 min to melt the agarose,mM Tris–HCl, pH 7.4/1 mM EDTA). RNA was purified by
and extracting the RNA with phenol that had been satu-centrifugation through 5.7 M CsCl/10 mM EDTA (Davis
rated with 5 M NaCl. The RNA was precipitated by theet al., 1986). RNA was resuspended in RNase-free H2O
addition of 0.1 volume of 7.5 mM NH4OAc and 2.5 vol-and stored at 0707.
umes of ethanol. The concentration of RNA was deter-
Virus cDNA synthesis and PCR amplification mined by measuring its absorbance at 260 nm. The RNA
copy number was determined empirically by knowing the
Virus cDNA synthesis was performed at 427 on 0.5 mg
length of each transcript and using the average molecu-
of RNA, using AMV reverse transcriptase (Boehringer
lar weight for the rNDPs.
Mannheim, Indianapolis, IN), 100 nM concentration of a
viral-specific, genomic-sense primer, and 250 mM each Viral mRNA quantification
dNTP. PCR amplification was performed on one-third of
the resulting cDNA, using Taq DNA polymerase (Boeh- Viral mRNAs were quantified using an electrochemi-
luminescence detection system, QPCR System 5000ringer Mannheim). Primers were used at a concentration
of 100 nM. Cycling parameters were denature at 947 for (ABI/Perkin–Elmer Corporation, Norwalk, CN). The cDNA
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synthesis and PCR amplification were performed as re-
ported above, with the exception that the genomic-sense
primers were biotinylated on their 5* ends. The primer
pairs used in the amplification of the mRNAs were S1
(hybridizes to nucleotides [nt] 143–164)–S2B (353–334)
for the 5* end of N mRNA; 3NPF1 (879–898)–3NPR2B
(1080–1061) for 3* end of N mRNA; 5G1F1 (68–88) –
5G1R2B (335–315), 5* GPC mRNA; HPS5 (2780–2802)–
HPS6B (2965–2942), 3* GPC mRNA; 5LF1 (53–73) –
5LR2B (235–215), 5* L mRNA; and 3LF2 (66096–6116) –
3LR3B (6323–6303), 3* L mRNA. After amplification, the
PCR product was detected and quantified by hybridiza-
tion to an electrochemiluminescent [tris(2,2*-bipyridine)-
ruthenium(II) chelate] (TBR)-labeled probe. The probes
used to quantify each mRNA were STBR (271–299)–
3NPTBR (949–971) for N; 5G1TBR (150–172)–MTBR
(2875–2897) for GPC; 5LTBR (104–126)–3LTBR2 (6163 –
6186) for L. Hybridization conditions were as follows: 10
FIG. 1. Standard curve for quantitation of viral N RNA. Threefoldml of PCR reaction mix was hybridized to 40 to 50 pmol
serial dilutions of in vitro-transcribed N mRNA were made in RNase-of probe, and the volume of the hybridization reaction
free H2O. Results are plotted as the natural log of RNA copy numberwas adjusted to 50 ml by the addition of 10 mM Tris –
(x axis) compared with the natural log of the obtained luminescence
HCl, pH 8.3, 50 mM KCl. The PCR product was denatured value. Each data point reflects the average of nine luminescence
for 5 min at 957 and hybridized for 15 min at 657. Primer values.
sets and probes were designed to function optimally un-
der the same conditions. A probe concentration of 40 to
50 pmol was found to give the greatest sensitivity, and RACE (rapid amplification of cDNA ends) system (Life
therefore this concentration was routinely used in all ex- Technologies, Grand Island, NY) and ligation to an RNA
periments. The hybridized product was captured on oligo. The minus-sense primers used in the cDNA syn-
streptavidin-coated magnetic beads. The bead-bound thesis reactions were 5NPR1, which hybridizes to the N
product was collected by an external magnet, washed mRNA segment at nt 425–405; 5G1R4, which hybridizes
to remove any unincorporated TBR-labeled primer, and to GPC mRNA (nt 402–382); and 5LR4, which hybridizes
stimulated by an electrochemical reaction to a high en- to L mRNA (nt 442–422). In the 5* RACE procedure, the
ergy state. Light which is released upon relaxation to the cDNA synthesis reactions were treated with RNase H to
ground state was detected using a photomultiplier tube remove the viral RNAs, the cDNAs were purified using
and converted to a digital output. The amount of PCR GlassMax cDNA purification cartridges (Life Technolo-
product was quantified directly by the integrated relative gies), and a dT tail was added using terminal deoxy-
luminosity. Each RNA sample was run in triplicate reac- nucleotide transferase. The minus-sense primers used
tions. The results presented are the average of a mini- in amplification were S2 complementary to nt 353–334
mum of nine readings. Serial dilutions of RNA transcripts (N), 5G1R2 complementary to nt 335–315 (GPC), and
synthesized in vitro were amplified as described above 5LR2 complementary to nt 235–215 (L). The mRNA start
to form a standard curve, against which it was possible sites were also mapped by removal of the mRNA cap,
to determine the amount of viral RNA present in the sam- ligation to an RNA oligo (5*p-GGGCAUAGGCUGACC-
ples. For the actual quantitative analysis, the amount CUCGCUGUUU-3* ), and PCR amplification. The RNA
of standard RNA transcripts was plotted as the natural oligo was synthesized using 2*-OME-RNA CE (b-cyano-
logarithm (ln) of the RNA copy number compared with ethyl) phosphoramidites and was chemically phosphory-
the ln of the experimentally obtained luminescence value lated on its 5* end by using reagents from Glen Research
(Fig. 1). Linear regression analysis was performed using (Sterling, VA). The synthetic oligo therefore contained
QuattroPro 4.0 (Borland, Scotts Valley, CA). In all experi- nuclease resistant 2*-O-methyl ribonucleotide linkages.
ments shown the r 2 was equal to or greater than 0.94. The 3* ends of viral N and L mRNAs were determined
The RNA copy number in the experimental samples was by ligation to the RNA oligo mentioned above, followed
determined by the following equation: ln (RNA copy num- by seminested PCR. The 3* end of the GPC mRNA was
ber)  [slope 0 ln(obtained value)] 4 y intercept. mapped using a dT primer, TS-1 (CCGGTACC[T]35), in
Mapping the termini of viral mRNAs the cDNA synthesis reaction, followed by PCR using the
TS-1 primer together with the viral plus-sense primerThe 5* ends of the viral mRNAs were determined by
two separate techniques: seminested PCR using the 5* 3G2F1 (nt 3447–3467). The RNA was denatured at 657
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for 5 min and the temperature was gradually lowered to Vero E6 cells used in this study, makes traditional meth-
ods such as Northern blot analysis too insensitive for427 prior to the addition of the TS-1 primer and reverse
transcriptase. The cDNA synthesis and PCR amplifica- detailed study of SN virus mRNA synthesis. For this rea-
son, design of a QPCR procedure was initiated to enabletion reactions were continued as described above. In
each instance, PCR products were cloned into the TA analysis of SN virus mRNA synthesis in a variety of exper-
imentally and naturally infected materials. In these exper-vector pCRII, and plasmid DNAs were purified from 5-
ml cultures using the Wizard Miniprep DNA purification iments, virus transcripts synthesized in vitro with T7 RNA
polymerase were used as RNA standards. Using thissystem (Promega Corporation). Plasmids were digested
with EcoRI to determine which ones contained inserts QPCR method we were able to precisely quantify mRNA
amounts over a 3-log range. A representative standardcorresponding to the size of the PCR product. Clones
were sequenced on an automated sequencer, using the curve, in which N transcripts were used, is shown in Fig.
1. After the standard curve was plotted, linear regressiondye termination cycle sequencing technique (Applied
Biosystems, Foster City, CA). analysis was performed on the plot. Standard curves
were also routinely obtained for the G1-, G2-, and L-
RESULTS specific T7 transcripts to control for differences in the
amplification efficiencies (due to differences in RNAViral mRNA quantification
length, primer/RNA hybridization, amplification rates,
The slow and rather inefficient growth of SN virus even etc.) between the viral mRNAs (data not shown). The
in highly susceptible tissue culture cells, such as the limits of detection for all viral mRNAs were similar.
In SN virus-infected Vero E6 cells, the N mRNA ap-
peared first and was detectable from 4 hr p.i., with levels
increasing until 48 hr p.i., at which time levels appeared
to remain steady for the remainder of the time course
(Fig. 2A). In contrast, the appearance of mRNAs for the
viral glycoproteins (GPC) and polymerase (L) occurred
later in the infection. These mRNAs were first detectable
at 8 (GPC) and 48 (L) hr p.i. and reached their maximum
expression at 73 and 98 hr p.i., respectively. There were
no significant differences in mRNA quantities obtained
whether we used primer pairs specific for either the 5*
(nt 143–164 and 353–334, N; 68–88 and 335–315, GPC;
53–73 and 235–215, L) or the 3* (879–898 and 1080–
1061, N; 2780–2802 and 2965–2942, GPC; 6096–6116
and 6323–6303, L) termini, suggesting that although
mRNA turnover via nuclease degradation is likely oc-
curring, the molecules being detected in this assay ap-
pear to be reasonably intact (data not shown).
The steady-state levels of the virus mRNAs appeared
to be inversely proportional to the length of the mRNA,
while the onset of mRNA transcription directly correlated
with mRNA length (Fig. 2A; Table 1). One possible expla-
nation for the observed rates of accumulation of virus
mRNAs could be that different molar ratios of genomic
RNA segments are packaged in the virions initiating the
infection. To examine this possibility, viral RNA was puri-
fied from clarified, infected tissue culture fluid by using
the guanidinium isothiocyanate/acid-phenol RNA purifi-
cation method (Davis et al., 1986). RNA copy numbers
were determined by QPCR as described above, and the
molar ratio of genome S, M, and L segments was found
FIG. 2. (A) Levels of SN virus mRNA in Vero E6 cells. cDNA synthesis to be approximately 1:1:1. Another trivial explanation of
and PCR amplification were carried out as specified under Materials the observed differences could be the different target
and Methods. Each data point is the average of nine luminescence
size of the S, M, and L segment RNAs for RNase degrada-unit values. Luminescence units were converted to RNA copy number
tion. Because b-actin mRNA could serve as an internal(copies of viral RNA/0.1 mg pelleted RNA) as explained under Materials
and Methods. (B) Level of b-actin mRNA in infected Vero E6 cells. control for nonspecific degradation which may occur dur-
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TABLE 1 ends (termination sites). We first attempted to ligate the
5* and 3* ends after removal of the mRNA cap, a proce-Correlation between mRNA Length, Amount, and First Appearance
dure that has been used successfully in determining the
mRNA length (ng)a Length/length L Copy number b cn/cn N TAc termini of lymphocytic choriomeningitis virus mRNAs
(Meyer and Southern, 1993). However, these attempts
1391 0.21 1.24 1 109 1.0 4 hr were unsuccessful, probably because of the lower
3620 0.55 6.15 1 108 0.49 8 hr
amounts of virus mRNA present in SN virus-infected6562 1.00 3.2 1 108 0.26 48 hr
cells. We then used an alternative approach involving
a The mRNA length given does not include the nucleotides which ligation of an RNA oligonucleotide possessing a chemi-
comprise the cap. cally phosphorylated 5* end to the 3* end of the mRNAs.
b Copy number (cn) (viral RNA copies/0.1 mg RNA) refers to the aver- Using this method, and sequencing eight independent
age of the plateau values shown in Fig. 2A.
clones derived from two separate ligations of two differ-c TA is the time postinfection in which the mRNAs were first detect-
ent mRNA preparations, we were able to map the 3*able.
terminus of the N mRNA to nt 1435 on the S genomic
RNA. The N mRNA thus ends with the sequence 5*-ing RNA purification, primer pairs were developed to
GGGCCAACUAUAUCACA-3*. The corresponding tem-allow QPCR analysis of b-actin mRNA levels in each
plate region contains several CCC-rich motifs (Fig. 4).sample. Relatively constant quantities of b-actin mRNA
One particular motif, CCCACCC, appears to be highlywere seen at each of the time points analyzed (Fig. 2B),
conserved among hantaviruses associated with Sigmo-indicating the mRNAs were not being degraded during
dontinae and Murinae subfamily rodents (SN, NY, BAY,purification. The maintenance of the steady-state levels
BCC, El Moro Canyon [ELMC], HTN, SEO, and DOB) (Ari-of b-actin during the first 6 days of SN virus infection is
kawa et al., 1990; Hjelle et al., 1994, 1995b; Morzunovalso consistent with the lack of any obvious cytopathic
et al., 1995; Plyusnin et al., 1994a; Ravkov et al., 1995;effects and continued growth and division of infected
Schmaljohn et al., 1986b; Spiropoulou et al., 1994; seecells, and indicates that SN virus infection does not inter-
Fig. 4) and was previously predicted to act as a transcrip-fere markedly with host cell mRNA synthesis.
tion termination signal (Dobbs and Kang, 1994; Morzunov
Mapping the 5* termini of SN virus mRNAs et al., 1995). In other hantaviruses, similar potential motifs
can be seen. For instance, Rio Segundo (RIOS) virus hasSeveral members of the Bunyaviridae family have been
the modified sequence CCCACCAC (Hjelle et al., 1995a),shown to contain a methylated cap-dependent endonu-
the PUU viruses have CCCAAA, and Isla Vista (ISLA)clease that cleaves cap-containing primers from host cel-
virus has CCCAUAA. Rather surprisingly, we found thatlular mRNAs (Patterson et al., 1984). These capped oligo-
PH virus lacks any CCC-rich motif in this general areanucleotides are then used to prime transcription of viral
of the virus genome. The CCCACCC motif has beenmRNAs in a manner similar to that found in influenza
found in all characterized California and Bunyamweraviruses (reviewed in Bishop, 1986). Since replication of
serogroup viruses (reviewed by Bowen et al., 1995a; El-these viruses occurs in the cytoplasm (Rossier et al.,
liott et al., 1991; Kolakofsky and Hacker, 1991; Schmal-1986) (in contrast to influenza virus), the viral endonucle-
john, 1996a), and the exact S RNA transcription termina-ase uses a pool of mature cellular mRNAs as substrates
tion site has been mapped within close proximity to thisfor primers. To obtain more insight into transcription by
motif (12 or 20 nucleotides) for La Crosse and snowshoeSN virus we decided to map the ends of each mRNA
hare or for Germiston viruses, respectively (Bouloy et al.,and to determine initiation and termination sites of each
1990; Eshita et al., 1985; Patterson and Kolakofsky, 1984).individual mRNA. Using the 5* end RACE procedure, we
No evidence of a polyadenylated N mRNA was found.first mapped the 5* termini of the virus mRNAs present
Examination of the sequences of the SN virus M andat 32 or 120 hr p.i. The resulting PCR products were
L segments failed to identify similar CCC-rich motifs thatcloned and sequenced. As has been reported for other
could serve as potential termination signals during GPCBunyaviridae family members (Bishop, 1996; Garcin et
and L mRNA synthesis. Using the same RNA oligo liga-al., 1995), SNV mRNAs contain 5* nontemplated nucleo-
tion method as described above, we also determinedtides that are heterogeneous in both sequence and
the 3* terminus of the L mRNA. Unexpectedly, sequencelength (Fig. 3). The nontemplated primers varied in length
analysis of multiple clones revealed that the 3* terminusfrom 1 to 24 nucleotides (average 10 nt). In the majority
of the L mRNA was not shorter than the genomic tem-of cases (57%) a G residue immediately preceded (i.e.,
plate RNA, but represented a full-length copy.position 01) the viral sequence (Fig. 3).
In contrast to the success we had in analyzing the N
Mapping the 3* termini of SN virus mRNAs and L mRNAs, we were unable to clone the 3* terminus
of the GPC mRNA by using the RNA oligo ligation method.After determining the 5* ends of the mRNAs (i.e., the
transcription start sites), we wished to also map the 3* Examination of the M segment nucleotide sequence
AID VY 8144 / 6a1f$$$543 09-03-96 02:02:14 viras AP: Virology
144 HUTCHINSON, PETERS, AND NICHOL
FIG. 3. Sequence analysis of the 5* termini of SN virus N, GPC, and L mRNAs. Results were obtained using the 5* RACE method. mRNA was
purified from infected cells at 32 and 120 hr p.i. The host-derived primers are underlined. The extra UAG repeat found in one N clone is shown by
double underlining.
alignments for several hantaviruses revealed a potential transcription elongation is the rate-limiting step. How-
ever, this would be rather unusual since the rate-limitingpolyadenylation–transcription termination signal that
step in most transcription systems is believed to be initia-was highly conserved among all characterized hantavi-
tion. In bacteria, where transcription and translation areruses (Fig. 5). This putative signal closely resembles
coupled, transcription elongation is discontinuous withthose found in several other negative-strand viruses. It
the polymerase pausing at specific sites to allow thewas reasoned that the possible poly(A) tail of the GPC
ribosomes to catch up (Platt, 1986; Von Hippel et al.,mRNA was hindering our ability to obtain clones by the
1984). Studies of transcription of the S segment of LACRNA oligo ligation method, and that if the GPC mRNA
virus have identified premature termination sites at vari-was in fact polyadenylated we should be able to map
ous positions along the S segment. Transcription of thethe 3* terminus by using an oligo(dT) primer and the 3*
full-length S mRNA of LAC virus requires concurrentRACE approach. The dT primer utilized here (TS-1) had
translation. In the absence of translation, the polymerasepreviously been successfully used to clone the polyade-
terminates transcription at various pause sites along thenylated mRNAs of Ebola virus (Sanchez, personal com-
genome (Bishop, 1996). If one assumes that the incom-munication). Multiple clones were obtained using this
plete transcripts may be more rapidly degraded than in-approach, and nucleotide sequence analysis showed
tact mRNAs this model could explain the differences inthat the 3* end of the GPC mRNA was polyadenylated
SN virus mRNA accumulation reported here. While theand mapped to the position of the polyadenylation–tran-
polymerase, at least initially, would have an equal oppor-scription termination signal as predicted.
tunity to bind any of the genomic RNAs, the possibility
of completing transcription of each mRNA would be de-DISCUSSION
pendent on the number of pause/termination sites the
In this report we show differential mRNA synthesis in polymerase encountered. As incomplete transcripts did
SN virus-infected Vero E6 cells, with the quantity of each not appear to make up a significant proportion of the
mRNA (N mRNA @ GPC mRNA @ L mRNA) correlating molecules detected by our assay we presume these
inversely with RNA length. The general pattern of mRNA must be rapidly degraded. In addition, differential rates
expression resembles that seen in mosquito cells persis- of replication of S, M, and L genome segments could also
tently infected with La Crosse (LAC) virus (Rossier et al., contribute to the pattern of mRNA expression observed.
In addition to describing the time of appearance of1988). The simplest explanation for these results is that
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FIG. 4. Potential transcription termination signal which lies downstream of the hantavirus N protein open reading frame. Nucleotide sequences
are shown in the genomic sense (3* to 5* ) and are from the following sources: SNnmr11 and SNnmh10 (Chizhikov et al., 1995; Spiropoulou et al.,
1994), Genbank Accession Nos. L37904 and L25784; SNcc107 and 74 (Li et al., 1995), L33683 and L33816; BAY (Morzunov et al., 1995), L36929;
BCC (Ravkov et al., 1995), L39949; ELMCrm97 (Hjelle et al., 1994), U11427; RIOS (Hjelle et al., 1995a), U18100; HTN76118 (Schmaljohn et al., 1986b),
M14626; HTNcumcb11, U37768; DOB, L41916; SEOsr-11 (Arikawa et al., 1990), M34881; PUUcg1820 (Stohwasser et al., 1990), M32750; PUUudm
(Plyusnin et al., 1994b), Z21497; PUUevo12 (Plyusnin et al., 1995), Z30702; PUUsotkamo (Vapalahti et al., 1992), X61035; PUU9013 (Bowen et al.,
1995b), U22423; PUUvran (Reip et al., 1995), U14137; ISLA (Song et al., 1995), U31534; PH (Parrington and Kang, 1990), X55128 and M34011; and
TULA (Plyusnin et al., 1994a), Z30944. The template positions corresponding to the mapped 3* termini of the SN and HTN virus N mRNAs are
indicated (Dobbs and Kang, 1994). The numbers below each sequence indicate the nt position (from the 3* end of the genomic RNA) of the potential
transcription termination motifs. Also shown is a motif which lies close to the N mRNA transcription termination region and is conserved among
all characterized Bunyamwera and California serogroup viruses (reviewed by Bowen et al., 1995a).
virus mRNAs, we report here the mapping of the 5* and the original 3* G would be in the 01 position (Garcin et
al., 1995). This model is consistent with the observation3* termini for the virus N, GPC, and L mRNAs. As ex-
pected, the 5* ends of the mRNAs contain nontemplated of SN virus mRNAs which have a G at position 01 and
those that have two or four UAG repeats instead of thebases as seen in other members of the Bunyaviridae
family (Bishop, 1996; Garcin et al., 1995). Recently, on normal three repeats. However, it is not easily compatible
with the SN virus mRNAs which contain either a C (29%)the basis of analysis of the 5* ends of HTN virus RNAs,
a prime-and-realign mechanism has been proposed for or U (14%) immediately preceding the viral templated
sequence. On the basis of these data, it appears thatthe initiation of transcription by hantaviruses. According
to this model, the G residue at the 3* end of the capped while a prime-and-realign mechanism may be possible,
it can only account for some, but not all, hantavirus mRNAprimer molecule would align opposite the C at position
/3, and once the primer had been extended for 1– 3 transcription.
Examination of the 3* ends of the virus mRNAs leadsnucleotides, the nascent chain would realign such that
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FIG. 5. Conservation of putative transcription termination–polyadenylation signal following the GPC open reading frames of various members of
the Hantavirus genus. Nucleotide sequences are shown in the genomic sense and are from the following sources: SNnmr11 (Chizhikov et al., 1995),
Genbank Accession No. L37903, and SNnmh10 (Spiropoulou et al., 1994), L25783; SNcc107 and 74 (Li et al., 1995), L33474 and L33684; BAY
(Morzunov et al., 1995), L36930; BCC (Ravkov et al., 1995), L36930; ELMCrm97 (Torrez-Martinez et al., 1995), U26828; PH (Parrington et al., 1991),
X55129; TULA (Plyusnin et al., 1994a), Z48575; PUUp360 (Xiao et al., 1993b), L08755; PUUudm (Plyusnin et al., 1994b), Z21509; PUUcg1820 (Giebel
et al., 1989), M29979; PUUsotkamo (Vapalahti et al., 1992), X61034; PUU9013 (Bowen et al., 1995b), U22418; PUUvranica (Reip et al., 1995), U14136;
DOB (Avsic-Zupanc et al., 1995), L33685; Thai (Xiao et al., 1994), L08756; SEO80-39 (Antic et al., 1991), S47716; SEOb-1, X53861; SEOsr11 (Arikawa
et al., 1990), M34882; SEOr22 (Xu et al., 1991), S68035; HTNcumc-b1, U37729; HTN76118 (Schmaljohn et al., 1987), M14627; HTNhojo (Schmaljohn
et al., 1988), D00376; HTNlee (Schmaljohn et al., 1988), D00377; and HTNhv-114 (Xiao et al., 1993a), L08753.
to the suggestion that the virus polymerase may use a serogroup viruses (Bouloy et al., 1990; reviewed in
Bowen et al., 1995a; Elliott et al., 1991; Kolakofsky anddifferent mechanism for termination of each of the three
viral mRNAs. The 3* end of the N mRNA mapped to an Hacker, 1991; Schmaljohn, 1996b). This motif is seen
in all hantaviruses associated with Sigmodontinae andRNA template region containing a number of CCC-rich
motifs and just downstream of the CCCACCC motif at nt Murinae subfamily rodents with the exception of RIOS
virus, which has the closely related CCCACCAC motif.1407 (Fig. 4). An identical motif was previously reported
to be present just downstream of the S segment tran- However, of the hantaviruses associated with Arvicolinae
subfamily rodents (i.e., PUU, ISLA, PH, and TULA viruses),scription termination site of Bunyamwera and California
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only TULA viruses possess the CCCACCC motif (Fig. 4). 1987), then the complementarity at the ends of the L
mRNA may not interfere with translation since the ribo-No evidence for polyadenylation of N mRNA was found.
However, potential stem–loop structures can be pre- somes would already be loaded onto the transcript be-
fore the polymerase completed the 3* end. Presumably,dicted both in the 3* terminus of the mRNA and in the
corresponding template region for many of these viruses. the presence of a 5* cap would also prevent the L mRNA
from acting as an antigenome template for encapsidationSuch structures could potentially play a role either in
mRNA transcription termination or in providing mRNA and replication.
Our results suggesting different mechanisms of termi-stability in the absence of a poly(A) tract.
In contrast to expectations based on the reports of nation for each viral mRNA were quite unexpected.
Based on these data and the availability of more sensitiveBunyaviridae in the literature and the analysis of the SN
virus N mRNA, the 3* end of the GPC mRNA was found techniques, the nature of the 3* ends of the mRNAs of
various members of the Bunyaviridae may now warrantto be polyadenylated. The 3* end mapped to a predicted
U8 polyadenylation–transcription termination signal on more detailed investigation, particularly the M mRNAs,
which terminate in close proximity to U-rich templatethe M RNA segment, which is highly conserved among
hantaviruses and closely resembles the signal seen in sequences, and the L mRNAs. It is possible that the
variety of transcription termination mechanisms reportedother negative-strand RNA viruses (Fig. 5). Analysis of the
reaction conditions and resulting clones strongly suggest here may be more common than currently suspected.
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